Background: Lumacaftor/ivacaftor was approved by the Food and Drug Administration (FDA) as a combination treatment for Cystic Fibrosis (CF) patients who are homozygous for the F508del mutation. The objective of this study was to assess the cost-effectiveness of lumacaftor/ivacaftor combination for the treatment of CF homozygous for F508del CF Transmembrane Conductance Regulator (CFTR) mutation. Methods: A Markov-state transition model following a cohort of 12 year-old CF patients homozygous for F508del CFTR mutation in the United States (US) over two, four, six, eight and ten years from a payer's perspective was developed using TreeAge Pro 2016. Markov states included: mild (percentage of predicted forced expiratory volume in 1 s or FEV1 > 70%), moderate (FEV1 40-70%), severe (FEV1 < 40%) disease, post-transplant, and death. Pulmonary exacerbation and lung transplant were included as transition states. All the input parameters were estimated from the literature. A 1-year cycle length and 3% discount rate were applied. To assess uncertainty in long-term treatment effects, several scenarios were modelled: 100% long-term effectiveness (base-case), defined as improvement in FEV1 in the first year followed by no annual FEV1 decline and a constant reduction in pulmonary exacerbations throughout, 75%, 50%, 25% and 0% (worst case) long-term effectiveness, where treatment effects were intermediate from the second year of treatment until the end of the time horizon. Other scenarios included changing the starting age of the cohort to 6 and 25 years. Primary outcome included incremental costeffectiveness ratio (ICER) in terms of cost per quality adjusted life year (QALY) gained. One-way and probabilistic sensitivity analyses were performed to determine uncertainty. Results: Under the base-case, Lumacaftor/ivacaftor resulted in higher QALYs (7.29 vs 6.84) but at a very high cost ($1,778,920.88) compared to usual care ($116,155.76) over a 10-year period. The ICER for base-case and worst-case scenarios were $3,655,352 / QALY, and $8,480,265/QALY gained, respectively. In the base-case, lumacaftor/ivacaftor was cost-effective at a threshold of $150,000/QALY-gained when annual drug costs were lower than $4153. The results were not substantially affected by the sensitivity analyses. Conclusions: The intervention produces large QALY gains but at an extremely high cost, resulting in an ICER that would not typically be covered by any insurer. Lumacaftor/ivacaftor's status as an orphan drug complicates coverage decisions.
Background CF is a rare lethal genetic disease that affects over 30,000 people in the US with about 1000 newly diagnosed individuals each year. The condition is caused by mutations in the CF Transmembrane Conductance Regulator (CFTR) gene leading to deficiency and/or defects in the CFTR proteins [1] . Out of the 1800 mutations found in CFTR gene, the most common is the F508del, which impacts 86.5% of patients with CF in the US CF Foundation Patient Registry [2] . About half of patients with CF are homozygous for this allele. Despite the advances in drug therapies in the US, the median predicted survival varies from a low of 37 years (based on 2010 mortality levels), to an upper bound of 50 years (based on extrapolation of improvements in survival between 2000 and 2010) [3] . Obstructive lung disease is the major cause of morbidity and mortality in CF accounting for 80% of deaths. As the disease progresses, patients require more intensive treatment and healthcare services, including more frequent and prolonged hospital admissions and lung transplant [2] .
The U.S. Food and Drug Administration (FDA) approved lumacaftor/ivacaftor as a combination treatment on July 2, 2015 for patients 12 years and older who are homozygous for the F508del mutation. This is the first therapy that targets and partially corrects the primary defect in this mutation [4] . The two phase 3 studies, TRAF-FIC and TRANSPORT, reported statistically significant improvements in the absolute change in percentage of predicted forced expiratory volume in 1 s (FEV1) by 2.6 to 4% and a reduced rate of pulmonary exacerbations by 30 to 39% with lumacaftor/ivacaftor treatment compared to placebo at the end of 24 weeks [5] .
Given that CF affects fewer than 200,000 individuals in the US, lumacaftor/ivacaftor was approved receiving orphan drug status. The number of treatments available for rare diseases have increased substantially after the enactment of the Orphan Drug Act (ODA) of 1983, which lowered the barriers for development of drugs for rare diseases and provided incentives that increased revenues post-approval by decreasing competition. However, prices of these drugs can amount to annual costs of hundred to thousand dollars, which poses a substantial burden on insurers [6] . Traditionally, payers have covered orphan drugs owing to the small patient populations using these drugs; however, with accelerating new launches and growing pipeline of such drugs, the payer concerns and scrutiny regarding costs of these drugs are increasing [7] . This economic pressure might shift to patients resulting in higher cost sharing and decreased access to these drugs by patients, often who cannot afford the increased out of pocket expenses [8] .
Given only short-term evidence for lumacaftor/ivacaftor effectiveness and its high cost (estimated to be about $259,000 per year), it is important to evaluate the cost-effectiveness of this drug to better inform payer and policy decision making [9] . A previous study examined the lifetime health and economic outcomes associated with lumacaftor/ivacaftor use in a 25 year-old CF population in the US [10] . However, lumacaftor/ivacaftor was initially approved for use in patients aged 12 years and older. This approval was subsequently updated in 2016 to patients aged 6 years and older. Other important limitations of this prior analysis were that the impact of lumacaftor/ivacaftor on pulmonary exacerbations was not considered, transition probabilities were based on Australian data, and a 90% reduction in cost was assumed after patent expiration. Given the differences in disease burden in younger patients with this progressive condition, potential differences in a U.S. population, and unlikely occurrence of significant reductions in the cost of lumacaftor/ivacaftor, there was a need to reevaluate the potential long-term benefits and cost-effectiveness of lumacaftor/ivacaftor [11] .
Thus, the primary objective of this study was to assess the cost-effectiveness of lumacaftor and ivacaftor combination for the treatment of 12 year-old patients with CF homozygous for F508del CFTR gene compared to usual care in the US from a payer's perspective at a willingness to pay (WTP) threshold of $150,000 per quality adjusted life year (QALY) gained over a time horizon of two, four, six, eight and ten years. We also aimed to assess the cost-effectiveness of the intervention in 6 and 25 year old and under different efficacy scenarios to model the uncertainty associated with long-term treatment.
Methods
A Markov state transition model was developed using TreeAge Pro 2016 to evaluate the outcomes associated with or without treatment with lumacaftor/ivacaftor in 12 year-old patients with CF in the US from a payer's respective and following the recommendations of the Second Panel on Cost-Effectiveness in Medicine [12] . Health outcomes and costs included in our analysis are presented using the panel's Impact Inventory Template in Table 1 .
Model structure and patient population
Treatment-naïve 12 year-old patients with CF were modeled to receive either usual care or usual care and lumacaftor/ivacaftor. Usual care comprised of treatment with antibiotics, pancreatic enzymes, aminoglycosides (inhaled tobramycin as well as intravenously administered aminoglycosides) and DNase [13] . The model was based on the natural progression of CF and included five health states ( Fig. 1 ): 1) mild disease (FEV1 > 70%), 2) moderate disease (FEV1 40-70%), 3) severe disease (FEV1 < 40%), 4) post-lung transplant and, 5) death. The distribution of patients within various stages of disease was based on natural prevalence of the disease at age 12 as reported in the CF Foundation Patient Registry annual report (87% in mild, 11% in moderate, 2% in severe) [2] . In addition, two transition states were allowed to occur within a cycle: 1) pulmonary exacerbations requiring intravenous antibiotics and/or inpatient stay, and 2) lung transplant. Although data showed that multiple pulmonary exacerbations were possible within each model cycle, multiple exacerbations were not allowed in a single model cycle. Instead, costs were weighted to account for increased costs associated with more than one exacerbation within a model cycle. In addition, a mortality rate of 0.1% associated with pulmonary exacerbation in mild and moderate state was assumed based on expert opinion of one of the authors (MLD), an associate director of the University of Chicago's Cystic Fibrosis Center. Patients with severe disease could eventually require a lung transplantation moving to a post-transplant state. Although possible, multiple lung transplants were not allowed in the model as it is a rare scenario. The model incorporated CF population specific mortality. A constant cycle length of 1 year was used and the model was run for a time horizon of 10 years. A time horizon of 10 years was chosen considering the lack of long-term effectiveness data and the continued development of newer therapies for CF. Considering the impact of newer therapy options, it is likely that therapy will change dramatically over the next 10 years.
Clinical input parameters
Systematic reviews of the literature were conducted in PubMed to identify clinical trials, observational studies, and economic evaluations that could be used for estimation of input variables, by using the specific search terms "cystic fibrosis," and "pulmonary exacerbation" and "lung transplant" and their combinations, limited to English language and publications between 2005 and June, 2018. The references of published cost-effectiveness analyses and relevant reviews were also reviewed. Eligible full text studies were reviewed by three independent reviewers and relevant data was extracted for populating model probabilities associated with clinical outcomes associated with CF and related treatments. All the probabilities used in the model are shown in Table 2 .
Efficacy of lumacaftor/ivacaftor combination (TRANSPORT and TRAFFIC)
The efficacy data of lumacaftor/ivacaftor was derived from two phase 3, randomized, double-blind, placebo-controlled studies: TRAFFIC and TRANSPORT, conducted to assess the effects of lumacaftor/ivacaftor in 12 year-old patients with CF, homozygous for the F508del CFTR mutation. Patients were randomly assigned to receive either lumacaftor (600 mg once daily or 400 mg every 12 h)/ ivacaftor (250 mg every 12 h) combination or matched placebo for a duration of 24 weeks to determine the absolute change in the percentage of predicted FEV1 from baseline at week 24 and change in rate of pulmonary exacerbations. At week 24, the results showed significant improvements in the mean absolute FEV1% ranging from 2.6 to 4.0%. Furthermore, the pooled analysis reported a reduction of 34-39% in the rate of pulmonary exacerbations in the treatment arm compared to placebo at week 24 [5] .
To model the long-term efficacy of lumacaftor/ivacaftor, two main scenarios were analyzed. The base-case was constructed to consider a best case scenario (100% efficacy), in which it was assumed that initial lumacaftor/ivacaftor benefits observed in the clinical trial would be maintained while on therapy i.e. patients would not progress to more severe states while on lumacaftor/ivacaftor and a constant risk ratio for reduction in pulmonary exacerbation was applied throughout the duration of therapy. In the second scenario or the worst-case (0% efficacy), improvement in FEV1 levels was allowed only for the first year. For the second through 10th year, a constant decline similar to the usual care arm was assumed and no reduction in pulmonary exacerbations was considered. For the usual care and second year onward for the lumacaftor/ivacaftor strategies, improvement in FEV1 resulting in transitions to a better state were not allowed (e.g. from moderate disease to mild disease). The 48 week-exacerbation rate per patient and 24 week-proportion of exacerbation free patients for the No treatment and placebo arms were used to obtain 1 year probabilities which were then used to derive the 1-year relative risk (treatment vs usual care) of having any pulmonary exacerbation compared to no exacerbation.
Disease severity health states and pulmonary exacerbations
Due to the lack of availability of data on mean FEV1 levels for 12-year-old patients with CF, mean FEV1 levels of 15 year-old patients with CF derived from literature were used to construct a random sample of 1000 patients with CF [14] . By using a bootstrapping method, annual FEV1 decline rates (with or without exacerbation) derived from the literature were applied to this sample to predict the progression of this population from 12 to 22 years of age (Table 2 ) [15] . Based on the distribution of the population in mild, moderate and severe state of disease for each age group, transition probabilities for disease progression from mild to moderate and moderate to severe health states were calculated. The probabilities for pulmonary exacerbation in mild, moderate and severe health states for the usual care arm were obtained directly from literature [16] .
Lung transplantation and post-lung transplant
Age-specific probabilities of lung transplantation in the CF population were calculated from the data in the US CF Foundation Patient Registry annual report 2016 [17] . Patients in the treatment arm were not allowed to receive lumacaftor/ivacaftor post lung-transplant. 
Mortality
Age-specific mortality in CF population was obtained from a study conducted by MacKenzie et al. [3] . Risk of mortality associated with pulmonary exacerbation in severe health state was obtained from a study conducted by Ellafi et al. [18] . Mortality associated with lung transplant was calculated from data in US CF Foundation Patient Registry annual report 2016 [17] . Age-wise probability of death was calculated as the cohort progressed in post-transplant states using the estimates from Stephenson et al. [19] .
Costs and utilities
Costs and utilities entered in the model were estimated by conducting a systematic search of published literature on CF related costs and quality of life. The cost of lumacaftor/ ivacaftor was calculated as 72% of the average wholesale price (2015) listed by the manufacturer, as the net payments to insurers in the United States in 2014 have been reported to average 72% of gross payments [9, 20] . Payer specific direct costs were used to follow a payer's perspective (Table 1 ) [11] . A study by Lieu et al. was used to determine costs associated with mild, moderate and severe disease states and pulmonary exacerbations [13] . As this cost study does not explicitly state costs as being related to exacerbations or non-exacerbation costs of care, we made an assumption that the costs of treating pulmonary exacerbations were comprised of hospitalizations and outpatient antibiotic treatments. All remaining costs (clinic costs, DNase, and pancreatic enzymes and other medications) were assumed to represent the annual costs of maintenance for having mild, moderate, or severe disease. Cost estimates for lung transplant included double-lung transplant.. These costs were derived from Millennium report and year-wise post-lung transplant costs were calculated using ratios from a study conducted by Dayton 2005 [21, 22] . The utilities and disutility associated with various health states and transition states were derived from a single modeling study conducted by Tappenden et al. [23] . Costs and utilities used in the model are shown in Table 2 . All costs were inflation adjusted to 2016 prices when appropriate using the Personal Consumption Expenditure health component price index and a discount rate of 3% was applied to all clinical and economic outcomes for all the analyses [24] .
Outcomes and analyses
The primary outcome was ICER calculated as incremental cost per QALY gained associated with lumacaftor/ivacaftor treatment compared to usual care. The secondary outcomes were the total costs and QALYs generated with each treatment and the proportion of patients remaining in each health state over a period 10 years. The base-case analysis was also run for a period of two, four, six, and eight years to account for discontinuation of lumacaftor/ivacaftor and switching to newer drugs into the market. Additionally, several other scenario analyses were conducted, detailed below.
High-cost scenario
As the care of CF has advanced substantially since the Lieu et al. study and may have outstripped inflation over that period, results were tested in a high-cost scenario analysis by inflating the mild, moderate and severe state costs by four times of the cost included in the base case, resulting in costs approximating those presented in a more recent abstract [25] . Higher pulmonary exacerbation costs were from a more recent study conducted by Rubin et al. [26] were also used for this high-cost scenario.
Long-term efficacy of lumacaftor/ivacaftor
Assuming 100% efficacy of lumacaftor/ivacaftor in the first year, the efficacy for the remaining duration of the analysis was changed to 75%, 50% and 25% to reflect uncertainties in the long-term efficacy of the intervention.
Starting age of the cohort
Models were run by changing the starting age of the cohort to 6 years and 25 years. Age specific transition probabilities were derived from literature estimates of mean FEV1 levels using a bootstrapping method similar to the base case [5, 14] . Distributions of patients between mild, moderate and severe states (6 year old: 95%, 4%, 1%; 25 year old: 46%, 37%, 17%) were derived from the US CF Foundation Annual report, 2016 [17] . Other age-specific parameters including CF-specific mortality and probability of lung transplant and associated mortality were also estimated from literature [3, 17] . One-way sensitivity analysis was conducted for all model parameters including probabilities, utilities, costs, and treatment efficacy. The range of values for these variables were based on published literature. When data was unavailable, a range of ±20% of the point estimate was used for the analysis, including for the cost of lumacaftor/ivacaftor. A threshold analysis was also performed to determine the cost of the treatment required for it to be cost-effective at a threshold of $150,000 per QALY gained [27] [28] [29] . Finally, a probabilistic sensitivity analysis was conducted via a second-order Monte Carlo simulation of 10,000 samples. Beta distributions were used for the probabilities and utilities, gamma for costs and log-normal for relative risk.
Results

Lumacafor/Ivacaftor versus usual care (base-case analysis)
The results of the base-case analysis are shown in Table 3 . Under the base-case, patients with CF who received usual care generated 6.84 QALYs and incurred $116,156 in costs during the 10-year horizon at a discount rate of 3%. Treatment with lumacaftor/ivacaftor resulted in 7.29 QALYs and costs of $1,778,921 over the 10 years, resulting in health gains of 0.45 QALYs and incremental cost of $1,662,765 compared with usual care. The resulting ICER of lumacafor/ivacaftor compared to usual care was $3,655,352 /QALY gained. For the usual care group, 48.2% of patients with CF remained in the "mild" Markov state, 30% in "moderate," 5.9% in "severe," 0.7% in "post-transplant," and 15.1% died at the end of 10 years. This compares with 79.6% "mild", 9.3% "moderate", 0.1% "severe", 0% "post-lung transplant" and 11% died at 10 years in the lumacafor/ivacaftor group.
Worst-case scenario analysis
In worst-case scenario analysis, receiving lumacaftor/ivacaftor was associated with a gain of 7.04 QALYs and the costs increased to $1,794,056 for the 10-year time horizon ( Table 3 ). The estimated differences in total 10-year QALYs, and costs for lumacaftor/ivacaftor compared to usual care were 0.20 and $1,667,900 respectively, resulting in ICER of $8,480,265/QALY gained. Compared to usual care (same distribution of patients as in base-case), 54% of people in the lumacaftor/ivacaftor group remained in the "mild" Markov state, 28.2% in "moderate," 4.8% in "severe," 0.5% in "post-transplant" and 12.6% in "death".
Other scenarios
The results of changing the base-case time period to two, four, six and eight years are shown in Table 3 . The ICERs were higher in all of these shorter scenarios. For the high-cost scenario (i.e. increased costs for mild, moderate and severe health states,and higher pulmonary exacerbation costs), the base-case ICER dropped to $3,480,135/ QALY gained. The results of other scenarios altering long-term effectiveness and cohort starting age are shown in Fig. 2 . In the 75%, 50% and 25% efficacy scenarios, the ICER increased to $4,168,163, $4,930,230 Figure 3 shows the top 15 model inputs that substantially affected the base case results under one-way sensitivity analysis. Results of the threshold analysis suggest that lumacaftor/ivacaftor was cost-effective at a WTP threshold of $150,000/QALY when annual drug costs were lower than $4153. The cost-effectiveness acceptability curves in Fig. 4 show the percentage of iterations that were cost-effective at different WTP thresholds. For the base-case scenario, the probability of ivacaftor/lumacaftor combination being cost-effective compared to usual care was 0.8 or higher at a WTP of approximately $4,500,000/QALY gained.
Sensitivity analysis
Discussion
The two phase 3 trials reported that lumacaftor/ivacaftor combination improved FEV1 levels and reduced the rate of pulmonary exacerbations in patients with CF who were homozygous for the F508del CFTR mutation. The studies concluded that this combination aimed to rectify the underlying cause of the disease by targeting CFTR and benefits patients homozygous for this gene mutation, who account for the 45% of patients with CF [5] . However, the high cost of this treatment and lack of long-term effectiveness data raises concerns about the drug's long-term cost-effectiveness. The purpose of this study was to assess the cost-effectiveness of lumacaftor/ Fig. 2 Scenario analysis results by changing vaccine efficacy and cohort starting age Fig. 3 Results of one-way sensitivity analysis for base-case analysis ivacaftor combination for the treatment of 12 year-old patients with CF from the US payers' perspective at a threshold of $150,000 per QALY gained for a time period of 10 years under differing assumptions of long-term effectiveness. The results of our study showed better health outcomes with the treatment, however, each additional QALY gained with the treatment compared to usual care was associated with an extremely high cost of over $3 Million. Among the different starting ages, the intervention was found to be most cost-effective in 25 year old population followed by 12 and 6. However, the ICER was still over a million dollars per QALY gained in all scenarios evaluated. This is well beyond typical cost-effectiveness thresholds considered acceptable in the US. Two recently published observational studies assessed the outcomes associated with lumacaftor/ivacaftor in CF patients in routine clinical practice. The study by Labaste et al. examined acute changes in FEV1 levels post administration of the first dose of the treatment in 32 pediatric patients. The results of this study showed that there was a consistent decrease in patient FEV1 levels (− 10.4 ± 4.6%) [30] . A retrospective cohort study by Jennings et al. conducted at the John Hopkins CF center followed 116 patients with CF 1 year pre-and 11 months post the initiation of lumacaftor/ivacaftor therapy. The mean improvement in FEV1 was 0.11%, which is much lower than the 2.6-4.0% seen in the clinical trial. In addition, side effects were present in 39.7% of patients and a high rate of intolerance occurred with treatment. Both of these studies have a small sample size and show lowered effectiveness of the treatment than our worst-case scenario. This implies the incremental cost for each additional QALY gain could even be higher than estimated in our analysis [31] .
A modeling study by Dilokthornsakul et al. estimated the lifetime clinical outcomes and cost of lumacaftor/ivacaftor compared to usual care in CF patients with a starting age of 25 years from a US health insurer's perspective [10] . This compares with our study, which analyzed a variety of scenarios, including initiating lumacaftor/ivacaftor at ages 6, 12 and 25. The impact of lumacaftor/ivacaftor on patient outcomes was generally similar between our study and Dilokthornsakul et al., showing high treatment benefits and costs. For a starting age of 25 years, lumacaftor/ivacaftor was associated with a lifetime incremental cost of $2,632,249 and gain of 2.42 QALYs compared to our 10-year incremental values of $1,371,560 and 1.04 QALYs. These differences could be attributed to several factors. Their analysis was run over a lifetime compared to 10 years in our study, allowing patients to accrue more costs and QALY gains. Also, their analysis included a relatively healthier population for the starting age of 25 years. Their distribution of patients in mild, moderate and severe health states (72%, 25%, 3% respectively) was based on overall distribution for CF patients in the CF Foundation report and not just those aged 25, compared to the age-specific distribution in our analysis (46%, 37%, 17%). As a result of the biased inputs, the starting cohort in Dilokthornsakul et al. were more likely to live longer and accrue more costs as well benefits than a cohort aged 25 years at the model start. Despite these differences, the ICER estimated from their results, $1,087,706.2/QALY gained, is very close to the ICER estimated in our study for the same starting age ($1,321,306.35/QALY gained).
The ODA provided incentives for manufacturers to develop and market orphan drugs, including market exclusivity for 7 years, development tax credits, and a shorter approval period by FDA [32] . The total number of approved orphan drugs have increased from 34 before 1983 to 275 in 2009 [33] . Despite the availability of more treatment options for rare diseases, affordability is a major issue as many therapies with orphan status cost payers millions of dollars. Traditionally, there were no issues in coverage of these drugs because of smaller proportions of population associated with the use of these drugs. Payers have had very limited control when it comes to orphan drugs as many of these agents are the only available treatment options, rendering their demand insensitive to prices. However, the high rate of new orphan drug launches coupled with their increasing prices have resulted in payers increasing patient cost sharing as a method of cost-containment [7] .
Our study has various strengths. Although the study by Dilokthornsakul et al. analyzed the lifetime costs and health outcomes associated with the treatment, this is the first study to estimate the cost-effectiveness of lumacaftor/ivacaftor under various scenarios and report the ICER associated with the treatment compared to usual care from the US payers' perspective. Furthermore, a wide range of starting age for the intervention were employed in the analyses. The intervention was found to be more cost-effective when started in 25 year old patients than younger patients. While cost-effectiveness analyses are not explicitly used in the US for coverage decisions, insights from our study might help in understanding the value of this drug and its future use in different age-groups. In addition, the efficacy of the drug was modelled various scenarios. As more data becomes available on the effectiveness of this drug, the model can be updated and the cost-effectiveness reassessed.
There are a number of key assumptions and potential limitations to this study. First, with respect to the model structure, we chose a necessary, but simplified model to represent the severity of the disease as three major health states of mild, moderate and severe, rather than a continuum of severity. However, the model captures the efficacy of drug by allowing both FEV1 improvements and a reduction in the rate of pulmonary exacerbations.
Second, the patient population included in the model at cycle zero was defined as those 12 year-old with CF who were homozygous for the F508del CFTR mutation as the drug was first approved for this age group during the time of analysis. However, recently the drug was approved in patients 6 years and older. Thus, we conducted an additional analysis in a 6 year old cohort resulting in a higher ICER than the base case.
Third, input parameters such as the probability of moving from "mild" to "moderate" and "moderate" to "severe" health states and mortality associated with "mild" and "moderate" states were either indirectly derived from the literature when direct estimates were not available, or were based on expert opinion. However, univariate and probabilistic sensitivity analyses were performed on these parameters using broad ranges, and results show that these parameters had minimal impact on the resulting cost-effectiveness. Also, most model inputs were not specific to patients with F508del mutation as this data was not available at the time of developing this model. We anticipate that those with the F508del mutation would have worse outcomes than the modeled population, possibly resulting in larger absolute treatment differences and a better ICER than was estimated in our model.
Fourth, due to a lack of studies estimating the state specific costs for mild, moderate and severe disease, the cost estimates used for these health states and pulmonary exacerbations in the base case are based on a 1999 study. Given the significant advancement of CF care over the last two decades, these costs today might be much higher. To account for this, we re-estimated the results by using higher bounds of these costs in the model in the high-cost scenario. The resulting ICER was very similar to the base case.
Fifth, during the time of completion of this analysis, another CFTR modulator was approved in Feb 2017, tezacaftor/ivacaftor [34] . This drug combination is approved in the same patient population as lumacaftor/ivacaftor (two copies of F508) as well in patients with a single copy of 26 other mutations. The efficacy of this new drug combination is very similar to that of lumacaftor/ivacaftor in terms of its effect on mean absolute improvement in FEV1 levels (4% vs 4.3 to 6.7%), rate of pulmonary exacerbations (35% lower vs 30 to 39% lower than placebo) and rate of discontinuation due to adverse events (2.9% vs 4.2%) [5, 35] . As the comparator in trials of both these drugs was placebo with no head to head comparison and their prices are very similar, we believe its cost-effectiveness of this drug would be very similar to intervention in this current study. Also, to allow for patients switching to this newer drug, 2-year, 4-year, 6-year and 8-year time horizons were used to analyze the impact on results.
Conclusion
In the future, denial of coverage to orphan drugs in the US seems unlikely [7] . However, as more of these agents are approved and enter the market with high prices, payers are more likely to closely analyze the situation and continue to attempt to discourage the use of high cost medications, while patient groups will be likely to advocate for access for all patients, and manufacturers continue to attempt to maximize profits. The introduction of new competitor therapies, such as tezacaftor/ivacaftor, may help to increase competition and make lumacaftor/ivacaftor more affordable [30] . A clear and deep understanding of the clinical and economic impact of these drugs by all the stake holders will play a pivotal role in decision making and pricing of these drugs. Given that lumacaftor/ivacaftor is used to a treat an orphan disease affecting a pediatric population, and is the first drug approved for patients with the F508del CFTR homozygous mutation, it gets privileges including marketing exclusivity and limited negotiating power by insurers. In the future, manufacturers, payers and other stake holders should work together for better pricing strategies, thereby ensuring cost-effective use of these agents. 
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